In order to dissect at the ultrastructural level the morphology of highly dynamic processes such as cell motility, membrane trafficking events, and organelle movements, it is necessary to fix/stop timedependent events in the millisecond range. Ideally, immunoelectron microscopical labeling experiments require the availability of high-affinity antibodies and accessibility to all compartments of the cell. The biggest challenge is to define an optimum between significant preservation of the antigenicity in the fixed material without compromising the intactness of fine structures. Here, we present a procedure which offers an opportunity to unify preparation of cell monolayers for immunocytochemistry in fluorescence and electron microscopy. This novel strategy combines a rapid ethane-freezing technique with a low temperature methanol-fixation treatment (EFMF) and completely avoids chemical fixatives. It preserves the position and delicate shape of cells and organelles and leads to improved accessibility of the intracellular antigens and to high antigenicity preservation. We illustrate the establishment of this procedure using Dictyostelium discoideum, a powerful model organism to study molecular mechanisms of membrane trafficking and cytoskeleton. 1998 Academic Press
INTRODUCTION
Electron microscopic investigations of biological material aims at the understanding of structure and function of living cells. Therefore, one of the most important tasks is to precisely define the cellular localization of biochemically defined target molecules. Classically, the problem of labeling intracellular structures for electron microscopy has been approached from two different angles. One procedure makes use of embedding resins that allow postembedding labeling on the surface of thin sections of the fixed and polymerized probe. The other uses preembedding immunocytochemistry, in which antibodies are introduced into fixed and detergent-permeabilized cells prior to embedding proper. Both ways of sample preparation usually apply conditions very different from the ones used for light microscopy, which renders it inherently difficult to make correlations between the morphological results of electronand immunofluorescence microscopy.
Besides some standard methanol/acetone fixation protocols (Harlow and Lane, 1988) , classical protocols for preembedding immunoelectron microscopy experiments include fixation of cells with aldehydes and permeabilization with detergents (Helenius et al., 1979; Helenius and Simons, 1975; Sternberger, 1986) . Whereas it is widely accepted that high aldehyde concentrations result in excellent structure preservation, this treatment inevitably leads to a substantial loss in antigenicity due to cross-linking of proteins, which sterically hinders the access of the antibody to the antigen. The usual challenge resides in finding the right compromise between preserving the antigen and the structure of the organelles of interest and maintaining the ability of the antigen to be reached by the antibody (Geiger et al., 1981; Kraehenbuhl et al., 1977; Kyte, 1976; Leenen et al., 1985; van Ewijk et al., 1984) . When aldehyde-fixed cells are treated with 0.1-0.2% Triton X-100 as a permeabilizing agent their fine structure at the electron-microscopy level appears severely compromised (Griffiths, 1993 ; the present work). Furthermore, it is almost impossible to avoid fixationinduced changes of the cell's living state during aldehyde treatment. Light microscopic observations of structural changes in living cells under aldehyde treatment have shown that many organelles, such as mitochondria (Bereiter-Hahn and Voeth, 1979) , chromosomes (Skaer and Whytock, 1976) , or cytoskeletal elements (Luther and Bloch, 1989 ) undergo significant changes in shape or position in the early seconds of fixation, before gelation of cytoplasm (Millonig and Marzzoni, 1968) . Furthermore, as aldehydes cannot effectively cross-link membrane-lipids, membrane artefacts are often observed (Baker, 1968; Bereiter-Hahn and Voeth, 1979; Hasty and Hay, 1978) . Fixation-induced fusion of vesicles has been observed (Bretscher and Whytock, 1977; Doggenweiler and Heuser, 1967; Hausmann, 1977) . In addition, it has been shown that tubular structures, such as lysosomal network in macrophages (Swanson et al., 1987) and cultured chicken cells (Buckley, 1973a; Buckley, 1973b) and tubules of the contractile vacuole in Dictyostelium discoideum (Fok et al., 1993; Zhu et al., 1993) have a tendency to vesiculate in aldehyde-fixatives.
The chemical influence of fixatives can be reduced or avoided when biological specimens are stabilized by suitable low temperature procedure prior to embedding (Heuser et al., 1979; Inoue et al., 1982; McDowall et al., 1983; Moor, 1987; Mueller et al., 1980; Mueller and Moor, 1984; Murata et al., 1985; Nagele et al., 1985; van Harrewald et al., 1965) . The major novel development presented here is the establishment of an ethane-freezing/methanol-fixation (EFMF) procedure, which modifies and extends available cryotechniques for the use in immunocytochemistry at the levels of both light and electron microscopies. It significantly improves the sensitivity of preembedding immunoelectron microscopy compared to conventional methods, without sacrificing structure preservation. The new method presented here is perfectly suited to perform time resolved studies even in the millisecond range due to fast injection of the sample in the coolant. We illustrate the validity of EFMF in the investigation of D. discoideum. This social amoeba is an excellent model organism to study the importance of the actomyosin cytoskeleton and membrane trafficking processes (for overview see Noegel and Luna (1995) and the chapter on ''Vesicular traffic in cells'' in D. discoideum: molecular approach to cell biology; Spudich, 1987) . It possesses an endomembrane system very similar to higher eucaryotes and has also a very efficient osmoregulatory system, composed of a complex interconnected network of contractile vacuoles and tubules. Unfortunately, D. discoideum is renowned as a difficult organism for electron microscopy (Humbel and Biegelmann, 1992) .
MATERIALS AND METHODS

Cell Culture
D. discoideum cells of wild-type strain AX-2 were grown axenically in HL5c medium in shaking culture at 200 rpm. Cells were plated on coverslips and allowed to adhere for several hours prior to fixation.
Antibodies
The following primary antibodies, all specifically raised against D. discoideum antigens, were used in this study: (1) a monoclonal antibody 221-35-2 against a subunit of the vacuolar-H ϩ -ATPase, a membrane protein of the contractile vacuole system. This antibody was identified by binding to the expressed product of a partial cDNA encoding the A-subunit (VatA; Accession No. L34963); (2) a monoclonal antibody 221-135-1 against protein disulfide isomerase, an ER resident enzyme (Monnat et al., 1997) ; (3) a monoclonal antibody 176-3-6 against coronin, an actin-binding protein (de Hostos et al., 1993) (gift from Dr. G. Gerisch, MPI for Biochemistry, Munich); (4) a monoclonal antibody 70-100-1 against mitochondrial porin, a protein of the mitochondrial outer membrane (Troll et al., 1992) (gift from Dr. G. Gerisch, MPI for Biochemistry, Munich); (5) a polyclonal anti-␤-tubulin antibody (gift from Dr. Marriott, MPI for Biochemistry, Munich); (8) a polyclonal antibody against calmodulin (B. Ulbricht, and T. Soldati, manuscript submitted); (9) a monoclonal antibody 221-342-5 against a common carbohydrate epitope present on lysosomal enzymes, which is absent in a sulfation-defective mutant of D. discoideum (strain HL 244, (Knecht et al., 1984) ). For immunofluorescence secondary goat-anti-mouse or goat-anti-rabbit antibodies conjugated to Cy3, fluorescein isothiocyanate (FITC) or Texas Red from Rockland/Biotrend were used.
Transmission Electron Microscopy
Standard chemical fixation. Cells were plated on coverslips, dipped once in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 15 mM KH2PO4 in H2O, pH ϭ 7.4), and fixed with 3% glutaraldehyde in PBS for 2 h. After washing with PBS, the cells were postfixed for 1 h with a mixture of 2% osmium tetroxide and 1.5% potassium ferricyanide in distilled water, washed again in water, and dehydrated in graded ethanol (70% ethanol for 15 min twice, 90% ethanol for 15 min twice and 100% ethanol for 15 min twice) at RT. The coverslips are incubated overnight at 4°C in a 1:1 mixture of Epon/ethanol, the mixture is removed and the coverslips are embedded in pure Epon at ϩ56°C for at least 48 h. After removal of the coverslip and trimming, thin sections of 120 nm (light gold interference color) were cut on a Leica Ultramicrotome Ultracut S either horizontally or perpendicularly to the plane of the coverslip and placed onto Formvar-coated 100-mesh hexagonal copper grids, on which a coat of carbon had been deposited. Sections were stained in a 1:1 mixture of 100% ethanol/saturated uranyl acetate for 5 min and washed four times with distilled water. After air drying the grids were treated with Reynolds lead citrate (Reynolds, 1963) and washed four times in distilled water.
Rapid freezing of cell monolayers. As described previously (Parsons et al., 1995; Tse et al., 1997) cells were routinely prepared by plating them on 50-µm thick saphire coverslips (3 mm in diameter). The coverslips were placed into a guillotine-like device (Adrian et al., 1984) consisting of an air pressure plunger that holds the coverslip with a forceps at an angle of 15°off the vertical. The coverslip with the cells on top was then lightly blotted from the back with filter paper (Schleicher and Schuell, Grad 1) to remove excess medium and plunged into liquid ethane slush (Adrian et al., 1984) of 2.0-cm depths maintained at Ϫ175°C in a temperature controlled cryochamber (Leica FCS Cryochamber). The frozen samples were transferred to a Ϫ85°C chamber in a Leica AFS Substitution apparatus and processed for freeze substitution.
Freeze substitution. Freeze substitution was carried out in two different ways to optimize either antigenicity (A) or contrast (B).
(A) Frozen samples were freeze-substituted for 36 h in 1.5% uranyl acetate in methanol at Ϫ85°C (Monaghan and Robertson, 1990) , afterwards the temperature was raised to Ϫ45°C at a rate of 5°C/h. After washing three times in pure precooled methanol (Ϫ45°C) the samples were infiltrated with Lowicryl HM-20 (Bioproducts SERVA, Heidelberg, Germany) in the following way: twice with methanol/HM-20 2:1 for 1 h, twice with methanol/ HM-20 1:1 for 1 h, twice with methanol/HM-20 1:2 for 1 h, and once with HM-20 for 2 h. The coverslips were then placed oxygen-free into home-modified 1.5-ml Eppendorf tubes, polymer- ized at Ϫ45°C under UV light for 36 h and subsequently warmed up to room temperature. Sections of 100-nm thickness (silver/light gold interference color) were cut horizontally to the plane of the coverslip and placed onto Formvar-carbon-coated 100-mesh hexagonal copper grids. Sections were poststained for 10 min with 4% osmium tetroxide and lead citrate.
(B) As in (A) the frozen samples were freeze substituted in 1.5% uranyl acetate in methanol for 36 h and the temperature was raised to Ϫ45°C at a rate of 5°C/h. The methanol was then replaced by acetone containing 1% osmium tetroxide for 2 h, washed with pure acetone at Ϫ30°C, and infiltrated with acetone/ Epon 1:1 for 2 h at Ϫ30°C. After warming the samples to room temperature, the mixture was replaced by pure Epon and polymerized at ϩ56°C for 48 h. Thin sections of 120 nm were cut either horizontally or perpendicularly to the plane of the coverslip, placed onto Formvar-carbon-coated copper grids, and stained in a mixture of 100% ethanol/saturated uranyl acetate. After air drying the grids were treated with Reynolds lead citrate and washed four times in distilled water.
On-section immunolabeling procedure. Immunolabeling was carried out on the Lowicryl-sections at room temperature in a humid chamber as described (Bendayan, 1989) . Sections were preblocked for 10 min using PBS containing 10% fetal calf serum (FCS). Grids were then placed onto drops of PBS/5% FCS containing the primary mouse monoclonal antibodies. Following 60 minutes incubation, the samples were washed with PBS and incubated for another 60 min with rabbit-anti-mouse antibody, washed in PBS, and placed on a drop of 9-nm protein A gold (Griffiths et al., 1984) diluted 1:100 in PBS/5% FCS for 60 min. Grids were washed in PBS and water, air dried, and poststained as described above.
Immunofluorescence and Preembedding Immunoelectron Microscopy
Conventional aldehyde-fixation/detergent-permeabilization. Cells were plated on coverslips, dipped once in PBS, and fixed with 3% paraformaldehyde in PBS for 30 min at room-temperature. After washing with PBS, the cells were incubated with PBS containing 100 mM Glycine for 10 min to block free aldehydegroups, washed with PBS containing 0.1% gelatine (PBSG) for 10 min and permeabilized with PBSG containing 0.1% Triton X-100 for 15 min at room temperature.
Ethane-freezing/Methanol-fixation. Subconfluent cells were plated on 50-µm-thick saphire glass coverslips with a diameter of 6 mm and treated as described above under rapid-freezing of cell monolayers. After plunging in Ϫ175°C ethane, instead of proceeding for freeze-substitution, the coverslips were transferred to cold methanol at Ϫ85°C and the temperature was raised to Ϫ35°C in 30 min. Following this ethane-freezing/methanol-fixation treatment (EFMF) samples were taken out of the methanol, rapidly washed in PBS at room temperature for at least 15 min to remove methanol, and incubated with PBSG for another 15 min. Immunocytochemistry can then be performed without the need for detergent permeabilization. We have noticed that for immunofluorescence experiments conventional glass coverslips grad 0 which are 80 to 100 µm thick (diameter 12 mm) might be used. In this case, hand plunging of the coverslips directly in methanol at Ϫ85°C followed by rewarming to Ϫ35°C (using a homemade Dewar-based temperature-controlled apparatus which will be described elsewhere) represents a technically easier alternative with satisfactory preservation of structure and high antigenicity.
Immunocytochemistry. For immunofluorescence microscopy the EFMF-treated cells were incubated with the primary antibodies diluted in PBSG for 30 to 60 min, washed in PBS, and incubated with fluorescently labeled secondary antibodies diluted 1:500 in PBSG for 30 to 60 min. Afterwards the unbound antibodies were washed out with PBS, the coverslips were plunged for a few seconds in water, and mounted in Mowiol containing 100 mg/ml DABCO (1,4-Diazabicyclo (2.2.2) octane, Sigma).
For preembedding immunoelectron microscopy EFMF-treated cells were incubated with primary antibodies diluted in PBSG for 30 to 60 min and washed in PBS. After incubation with rabbit-antimouse linker antibody (1:200 in PBSG) for 30 min, samples were washed three times in PBS for 30 min total and incubated overnight with 6 nm protein A gold (Griffiths et al., 1984) diluted 1:100 in PBSG. Paraformaldehyde fixed and detergent permeabilized cells were treated identically, except that 0.1% Triton X-100 was added to the antibody solutions and a reduced incubation time with the protein A gold. After extensive washing in PBS for several hours (up to overnight) the cells were postfixed with a mixture of 2% osmium tetroxide/1.5% potassium ferricyanide for 1 h at room temperature and washed four times with distilled water. Cells were then dehydrated in graded ethanol and incubated overnight with a 1:1 mixture of Epon/ethanol at 4°C. The mixture was then removed and the coverslip embedded in pure Epon and polymerized at ϩ56°C for at least 48 h. Thin sections of 120 nm were cut either horizontally or perpendicularly to the plane of the coverslip, stained with ethanol/saturated uranyl acetate, washed, and poststained with Reynolds lead citrate.
Electron microscopy. The sections were observed in a Philips 400 T TEM with an acceleration voltage of 80 kV. Negatives used were Kodak 4489, which were developed with Kodak D-19.
Light microscopy. The samples were analyzed with a Leica confocal microscope DM/IRB using a 63ϫ Plan-Apo objective with NA 1.40. Confocal optical sections were recorded at 0.5 µm per vertical step and eight times averaging.
RESULTS
Ultrastructure of D. discoideum Cells Investigated by Transmission Electron Microscopy
Axenically growing D. discoideum cells were plated onto coverslips and fixed according to the procedures described under Materials and Methods. Transmission electron microscopy was used to compare the samples in respect to fine structure preservation at the ultrastructural level ( Figs. 1 and 2) . electron dense appearance. The plasma membrane is relatively well preserved, whereas the membranes of the vacuoles are sometimes damaged. The cells tend to have many filopodial extensions with irregular shape (Fig. 1B) .
Rapid-freezing of cell monolayers. Cells spread on thin saphire-glass coverslips were frozen by standard plunging into liquid ethane at Ϫ175°C using a guillotine-like device. Modifications to usual plunging setups are an impact 15°off the vertical, a prolonged path in the liquid ethane and the use of 50-µm saphire-glass coverslips. Cooling of the biological material occurs directly through the coverslip with high rates due both to the extremely high heat conductance rate of saphire at low temperatures and use of very thin coverslips. This is demonstrated by obtaining best freezing results directly beneath the coverslip; good preservation of intracellular structures can be found up to a height of about 8-10 µm above the coverslip (the cell in Fig. 2C has a height of 7.4 µm). The 15°tilt angle has been found empirically to amplify heat exchange likely by increasing the flow of liquid ethane during the plunging process. In addition, because the samples are cooled through the coverslip, mechanical deformations as arising from the slamming method (Heuser et al., 1979; Murata et al., 1985; van Harrewald et al., 1965) do not affect the cells, the quality of the overall shape preservation can be judged from sections cut perpendicular to the coverslip (Fig. 2C) . After freezing, the cells were freeze-substituted in methanol/ uranyl acetate and either directly embedded in Lowicryl (Fig. 2D) or further substituted in acetone/ osmium tetroxide ( Figs. 2A-2C and 2E ) and embedded in Epon (for more details on the various preparation schedules see Materials and Methods).
After rapid freezing and freeze-substitution (Figs. 2A-2E), cells have a different appearance compared to the aldehyde fixed cells (Figs. 1A and 1B) . Organelles such as the mitochondria and the nucleus with its characteristic nucleoli-like cap structures are clearly discernible. The plasma membrane and the membranes of the vacuoles are well preserved. The vacuoles, which have sizes from 0.5 to 2.5 µm contain material of varying density. Totally translucent ones likely belong to the contractile vacuole complex which has been shown to be an osmoregulatory system consisting of an interconnected system of tubules, vacuoles, and cisternae (Heuser et al., 1993) . Vacuoles, that are filled with relatively electrondense material most probably are endosomallysosomal structures. In contrast to chemically fixed cells sometimes more oval or tubular shaped structures can be seen in the sections (Figs. 2A, 2B , 2C, 2E), indicating that this method preserves tubular and network-like structures. The structure shown in the lower right edge of Fig. 2A (arrowheads) , which extends from the contractile vacuole on along the plasma membrane toward the nucleus probably represents a wound tubule cut several times. In addition, after rapid-freezing abundant fine cytoplasmic structures are well preserved, such as small (90-100 nm) clathrin-or COP-coated and uncoated vesicles ( Fig. 2D and 2E) , the Golgi-apparatus (Fig. 2D ) and the endoplasmic reticulum covered with ribosomes (Fig. 2B) . Observation by standard electron microscopy does not reveal freezing damages at the level of cellular structures. Most cellular structures appear to be much better preserved by the rapid freezingtechnique than by the standard aldehyde-fixation. Rapidly frozen cells do not exhibit as many irregularly shaped small filopodial extensions as the chemically fixed cells, but have some bigger actin-filled protrusions or lamellipodia (Figs. 2B and 2C) .
Aldehyde-fixation/detergent-permeabilization. Paraformaldehyde-fixed and detergent-permeabilized cells were embedded in Epon and the resulting fine structure preservation was studied with electron microscopy (Fig. 3A) . The cells have a more translucent appearance after detergent permeabilization, resulting from partial and inhomogeneous leakage of the cytosol. The plasma membrane and the membranes of the vacuoles are severely damaged, whereas preservation of the nucleus and mitochondria is satisfactory.
Ethane-freezing/methanol-fixation (EFMF).
Rapidly-frozen cells were transferred to methanol precooled at Ϫ85°C and warmed up to Ϫ35°C in 30 min, which leads to simultaneous permeabilization of membranes and fixation of proteins by precipitation. Then the coverslips were dropped by hand into PBS at room temperature to wash out methanol. After incubation with PBSG, cells can be processed for immunocytochemistry without further detergentpermeabilization. Here, in order to compare the
FIG. 4.
Immunofluorescence localization of six representative antigens after EFMF treatment. ␤-tubulin of the microtubule system. F-actin in the cortical cytoskeleton and on some vacuoles of the endocytic system, visualized by rhodamine-phalloidin binding. Coronin, a cytoskeletal actin-binding protein that is localized at the cell cortex and on intracellular vacuoles belonging to the endosomal system. Calmodulin, associated with the membranes of the contractile vacuole complex. Common antigen 1, the carbohydrate epitope shared by lysosomal enzymes in D. discoideum. Protein disulfide isomerase is an enzyme localized in the lumen of the endoplasmic reticulum. The figure presents projections of 5 to 7 optical sections, except of the coronin, the F-actin, and the protein-disulfide isomerase figures, where single confocal sections are shown. Bars, 10 µm. degree of ultrastructure preservation with the chemically fixed cells and the rapidly frozen cells, EFMFtreated cells were dehydrated with graded ethanol at room temperature and embedded in Epon. As shown in Figs. 3B-3F, membrane bilayers are not preserved as well as in cells processed only by low-temperature embedding, but are distinguishable, even though they were solubilized by methanol treatment. In addition, due to partial leakage of cytosol the cytoplasm appears less uniformly dense than in the cells shown in Figs. 1 and 2 . Nevertheless, as in rapidly frozen cells filopodia are almost absent and vacuoles of different sizes and shapes, very often with a relatively translucent lumen, are observed. In comparison with cells shown in Figs. 2A to 2C many vacuoles also show oval or tubular like structures, indicating that the interconnected network of the contractile vacuole system is well stabilized during the rapid-freezing, and is not significantly damaged by the EFMF procedure. Abundant small vesicles and endoplasmic reticulum structures can be seen on these overview pictures.
Immunocytochemistry for Light and Electron Microscopy
EFMF-treatment of cells results in fine ultrastructure preservation as judged from transmission electron microscopy (Fig. 3) . We further investigated whether it also allows for optimal accessibility of the antigens as required for immunofluorescence microscopy and preembedding immuno-EM.
Immunofluorescence on EFMF-treated cells. D. discoideum cells were fixed and permeabilized by the EFMF procedure and then incubated with a variety of antibodies against cytoskeletal elements, membrane proteins, and lumenal antigens. The signal strength in epifluorescence-microscopy appeared higher in EFMF-treated cells compared to aldehydefixed/detergent-permeabilized cells (not shown). Figure 4 illustrates the use of the method for six representative antibody stainings.
Every antigen tested was accessible to the antibodies, independently of the topological location of the protein in the cell. The preservation of cytoskeletal structures after methanol treatment is illustrated by a tubulin-staining visualizing the fine preservation of the classical, long tubules extending throughout the cell. Texas Red-phalloidin stains the actin cytoskeleton both in the cortex and around some vacuoles of the endocytic system Rauchenberger et al., 1997) . The cytoskeletal, actinbinding protein coronin (de Hostos et al., 1993) is also specifically detected with very low background. Cytosolic membrane-associated proteins such as calmodulin, which has been shown to be present on membranes of the contractile vacuole system (Fok et al., 1993; Zhu and Clarke, 1992; Zhu et al., 1993) , are heavily stained by the antibodies. Antigens located inside organelles, for example in lysosomes such as the common antigen 1, or in the endoplasmic reticulum such as the protein disulfide isomerase, are also accessible to the antibodies. Tubular or network-like membrane systems such as the contractile vacuole (visualized by anti-calmodulin antibodies in Fig. 4 or anti-vacuolar-H ϩ -ATPase antibodies in Fig. 5 ), which are particularly vulnerable to fragmentation, are well conserved by rapid-freezing and low temperature methanol fixation/permeabilization.
Preembedding immunoelectron microscopy on EFMF-treated cells. The EFMF procedure may represent an efficient and simple protocol helping in unifying preparation of cell monolayers for light and electron microscopy. Therefore, we investigated whether the degree of permeabilization and extraction of the cells after EFMF treatment would also permit penetration of colloidal gold markers required for immunocytochemistry at the EM-level. EFMF-treated cells were incubated with primary antibodies and then with protein A conjugated to 6-nm colloidal gold. The 6-nm gold has perfectly uniform size and can be directly observed in the electron-microscope facilitating quantification of the signal. In order to allow for direct comparison and illustrate the high potential for correlations, we present parallel immunofluorescence and preembedding immuno-EM studies of two antigens, the vacuolar-H ϩ -ATPase and the mitochondrial porin.
Contractile vacuole system. Figures 5, 6 , and 7 show the results of immunocytochemical experiments with the anti-vacuolar-H ϩ -ATPase antibody performed at the level of immunofluorescence (Fig.  5 ) and electron microscopy ( Figs. 6 and 7) . The vacuolar-H ϩ -ATPase is the main membrane protein complex of the contractile-vacuole system (Heuser et al., 1993; Nolta et al., 1993; Nolta and Steck, 1994) . It is also to a minor extent localized to the endosomal system (Aubry et al., 1993; Temesvari et al., 1996) , where it is responsible for compartment acidification. The antibody used here is directed against vatA, the most peripheral (cytoplasmic) subunit of the vacuolar-H ϩ -ATPase complex. Figure 5 shows two examples of whole cell immunofluorescence against the vacuolar-H ϩ -ATPase visualized by Cy3-labeled secondary antibodies together with a selection of single optical sections through both cells. The tubular structure of the contractile vacuole system is well preserved, an interconnected network of tubules, vacuoles, and cisternae extends throughout the cell. The confocal sections from top, middle, and bottom of the cells are allowed to follow the path of individual tubules, some up to 10 µm in length, through most of the cell volume. Relatively big vacuoles near the plasma membrane probably are the organelles from which water is expelled from the cell. The EFMF-treated cells can also be incubated with protein A gold, dehydrated, embedded in Epon, and sectioned for transmission electron microscopy (Figs. 6A-6D) . One or more big vacuoles with electron-luscent lumen, apposed to the plasma membrane and heavily labeled with gold can be seen in Fig. 6C . Furthermore, vacuoles more inside the cell are labeled to varying extents, some being clearly devoid of label, as are the plasma membrane and mitochondria. Tubular structures similar to the ones observed in whole cell immunofluorescence are inherently more difficult to image in thin sections. Nevertheless, some structures likely representing fine, networked tubules extending from labeled vacuoles throughout the cytoplasm are also labeled by the antibody (Figs. 6A, 6B, and 6D ). When compared with on-section labeling of the vacuolar-H ϩ -ATPase on Lowicryl-sections of rapidly frozen samples (Fig.  7A) , it is evident that the preembedding technique achieves a much higher labeling intensity without significantly compromising structure identification. As a comparison, Fig. 7B shows preembedding immunolabeling of paraformaldehyde-fixed and detergentpermeabilized cells, with the anti-vacuolar-H ϩ -ATPase antibody. In this case, the latter method led to higher labeling intensities than the on-section labeling approach, but resulted in poorer structure preservation and labeling intensity than the EFMF procedure.
Mitochondria. Similar labeling results can also be obtained with other antibodies, such as for example an antibody against the mitochondrial porin, which is a transmembrane protein of the outer mitochondrial membrane (Troll et al., 1992) (Figs. 8  and 9 ). Optical confocal sections through the cells (Fig. 8) show a typical mitochondrial staining pattern with peripheral staining of the mitochondria. Alternatively, after incubation with protein A gold and embedding in Epon the samples can be observed by transmission electron microscopy (Figs. 9A and 9B) . Due to high antigenicity-preservation, a clear ring of gold-labeling is visible around all mitochondria in the 120-nm thin sections. Other structures as for example the nucleus (shown in part in Fig. 9A ), cytoplasmic reticular structures or small vacuoles are clearly devoid of all label, illustrating the high specificity of the method and of the antibody. The fine structure preservation is better in the cells stained on-section (Figs. 9C and 9D ), but the amount of labeling is reduced compared to the preembedding experiment. The conclusions are similar to the ones reached from the anti-vacuolar H ϩ -ATPase labeling experiments.
DISCUSSION
We present here a novel method to perform immunocytochemistry on cell monolayers at the fluorescence and electron microscopy levels. This protocol combines a rapid-freezing procedure that allows cryofixing samples in the millisecond range with a low temperature methanol permeabilization/fixation step. We performed an extensive methodological survey to compare this novel method with conventional aldehyde-fixation and with cryoimmobilization in respect to structure preservation and antigenicity. The best ultrastructure preservation was obtained by rapid-freezing of cells followed by freezesubstitution (as already noted by Almers and coworkers; Parsons et al., 1995; Tse et al., 1997; Horstmann et al., manuscript in preparation) . EFMF treatment results in attenuated but nevertheless satisfactory structure preservation. For all antigens tested, the strength of immunostaining is greatly enhanced after EFMF compared to on-section labeling of low temperature embedded cells and to aldehyde-fixed/ detergent permeabilized cells.
We believe that the novel EFMF procedure has the potential both to be applicable in other areas of cell biology and also to contribute to the unification of sample preparation for light and electron microscopy, thus allowing precise and synergistic correlation between these two sources of morphological information.
Fine Structure Preservation
The presented combined treatment of ethanefreezing and methanol-fixation leads to good fine structure preservation compared to standard aldehyde-fixation. Due to cryoimmobilization of the samples in the millisecond range, the position and delicate shapes of cells and organelles are well preserved, whereas in the first minutes of aldehyde treatment, before gelation of the cytoplasm, D. discoideum cells undergo profound changes in their morphology (Humbel and Biegelmann, 1992) . Therefore, applying the cell freezing approach might partly change our representation of cell morphology, as illustrated here for D. discoideum which does not seem to have as many irregular filopodial extensions as can often be seen with aldehyde fixed cells. Compared to the rapid freezing method, EFMFtreated cells show similar preservation of overall shape and position of organelles. The methanolfixation/extraction procedure results in a slightly lighter appearance of the cell resulting from cytosol leakage likely due to partial lipid solubilization and loss in plasma membrane integrity. Note that even more drastic cytosol leakage can be seen in detergent permeabilized, aldehyde-fixed cells (Griffiths, 1993) . Furthermore, the tubular structures of the contractile vacuole complex are well preserved by cell freezing, even when followed by methanol fixation; long extended tubules are clearly visualized by immunofluorescence. From the thin sections needed for transmission electron microscopy, it is always difficult to judge whether structures are connected, for example via tubules, because they increasingly appear discrete and unconnected as the thickness of the sample decreases. In very thin sections of a tubular system an overrepresentation of circular profiles is observed, which is the case in our immunoelectron microscopic study of the vacuolar-H ϩ -ATPase.
other structures such as mitochondria, M (upper left corner in (B)), and also the plasma membrane, PM, are clearly devoid of label. (C) A very big (about 1.7 µm in diameter), heavily labeled vacuole, CV, apposed to the plasma-membrane, PM, probably represents the organelle from which water is finally expelled from the cell. Note in the upper right corner of (C) a vacuole, V, which is not labeled. Again, structures such as the plasma membrane, PM, and mitochondria, M (upper left) are not labeled. (D) In most cells, labeled structures with a more tubular shape, T, than the ones shown in (B) are observed close to the plasma membrane, PM. Such structures are also distinguishable in the low magnification pictures presented in Fig. 1E (arrowheads, lower right) and Fig. 2B (arrowheads, lower left) . The size of gold particles is 6 nm; for easier identification arrowheads point to some of the gold particles. Bars, 0.1 µm. 
Immunolabeling Experiments
Embedding in Lowicryl preserves antigenicity of the samples, the sections of embedded samples can be incubated either with gold-labeled antibodies for ultrastructural antigen-localization or with fluorescently labeled secondary antibodies for immunofluorescence. The main problem in on-section labeling experiments is that detection is restricted to antigens exposed at the very surface of the section (Bendayan et al., 1987; Stierhoff and Schwarz, 1991; Stierhoff et al., 1987) . Denaturing effects of dehydration, infiltration, and polymerization are tissueprocessing steps which are detrimental to antigenicity. In addition, because of the poor accessibility of the epitopes due to the matrix-density of the biological material itself and of the embedding medium (Griffiths, 1993) , only about 10% of the antigen is expected to be detectable on the section.
Permeabilized cells can be processed for immunocytochemistry with colloidal gold prior to embedding and sectioning, hence by-passing the factors that reduce the amount of detectable antigens in the on-section labeling approach. EFMF-treated cells are sufficiently permeabilized/extracted to make all cellular compartements accessible to antibodies prior to embedding, thereby greatly enhancing the amount of detectable antigens in a thin section compared to the on-section labeling approach. On the other hand, as mentioned previously, fine structure preservation of the rapidly frozen and low-temperature lowicrylembedded samples is better than the fine-structure of methanol-permeabilized cells.
Compared to aldehyde-fixed and detergent-permeabilized cells, the EFMF treatment results in higher immunolabeling intensities without compromising the specificity of the signal. This can theoretically be due either to better antigenicity preservation or more efficient antigen accessibility, or both. One could speculate that ice-crystal formation during the warming process might be a major factor to improve accessibility. Frozen water is likely incompletely substituted by methanol during the 30-min substitution period and therefore cellular water may recrystallize into larger hexagonal ice. Antigenic structures may gather at the crystal borders resulting in a fine segregation network. Presumably, these patterns are fixed almost instantaneously by methanol during the melting process, producing microchannels into the cytoplasm, which might in turn allow better penetration of the antibodies.
Taken together, the EFMF procedure provides the opportunity to detect at the level of electron microscopy antigens of low abundance, which are beyond the detection limit of standard on-section labeling protocols. Besides, the method is easy to handle and does not require much effort and time. Furthermore, because immobilization of the cells occurs in the milisecond range, it should be optimal for the investigation of highly dynamic processes such as cell motility and intracellular vesicle and organelle transport processes. In the present study we illustrated the validity of the procedure in the case of an organism of renowned difficulty, D. discoideum. Finally, we would like to speculate that EFMF treatment should be useful for the investigation of other very motile cells, cells with fragile tubular structures that are difficult to fix with conventional aldehyde treatment, as well as for the investigation of very rapid intracellular processes or generally, for cells that are difficult to fix or permeabilize adequately for other reasons.
